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Structure analysisLong-range heteronuclear scalar coupling constants provide important structural information, which is
necessary for obtaining stereospecific assignment or dihedral angle information. The measurement of
small proton–carbon splittings is particularly difficult due to the low natural abundance of carbon-13
and the presence of homonuclear couplings of similar size. Here we present a real-time J-upscaled
HSQMBC, which allows the measurement of heteronuclear coupling constants even if they are hidden
in the signal linewidth of a regular spectrum.
 2016 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
NMR spectroscopy is one of the most powerful and frequently
used tools for the analysis of small to medium sized molecules.
Chemical shift, as well as scalar coupling information, play an
important role for structural and conformational investigations.
Long-range J-couplings are used to establish through-bond connec-
tivities. They are necessary for example for the stereospecific
assignment of carbon resonances attached to olefinic double
bonds. Additionally, three-bond coupling constants provide infor-
mation about dihedral angles through the Karplus relation [1].
However, the extraction of accurate and/or small coupling con-
stants is often complicated, especially when they are smaller than
the digital or spectral resolution. For proton–carbon coupling con-
stants, the situation is made even more difficult by the low natural
abundance of 13C. While large one bond proton–carbon coupling
constants (1JHC) can be determined easily from 13C satellites,
heteronuclear correlations exceeding one bond, with J values of
0–15 Hz [2] are typically much more difficult to be measured
[3–7]. The situation is further complicated by the similar magni-
tude of proton–proton and proton–carbon coupling constants.
Such nJHC (n > 1) can be measured for example by E.COSY typeexperiments [8,9], like the HETLOC (heteronuclear long-range cou-
plings) [10–12]. Although the HETLOC and its modifications pro-
vide a relatively sensitive technique for the measurement of
small heteronuclear couplings in TOCSY-like spectra, there are sev-
eral shortcomings connected with it. Firstly, correlations are lim-
ited to 1H–1H spin systems and the intensity of the cross peaks
are dependent on magnetization transfers over this homonuclear
correlations. But the more severe problem is spectral overlap in
both dimensions, which is due to the limited spectral range of
hydrogen. For these reasons, experiments used for the detection
and measurement of long-range proton–carbon couplings are
mainly based on the HMBC experiment [13]. The determination
of heteronuclear long-range couplings by direct inspection of
HMBC peaks is basically impossible due to the evolution of
homonuclear couplings during the pulse-sequence, combined with
the anti-phase appearance of H–C couplings. Due to these compli-
cations, heteronuclear long-range coupling constants can only be
obtained from HMBC spectra by line-shape fitting [14–17], which
is made easier by avoiding proton–proton scalar coupling evolu-
tion [18–26] or by using the IPAP approach [27]. Heteronuclear
long-range coupling constants can also be obtained from the indi-
rect dimension of J-resolved HMBC spectra [28–30] or by recording
series of HMBCs with different coupling evolution delays and anal-
ysis of signal intensities as a function of this delay – the quantita-
tive HMBC [31,32]. One major problem of HMBC spectra is the
limited resolution in the proton dimension. Pure shift NMR
Fig. 1. (a) Pulse-sequence of the band-selectively decoupled J(up)-HSQMBC experiment. (b) A close-up view of the interrupted acquisition. Black and white bars are 90 and
180 pulses, respectively. Round shaped pulses are band-selective and trapezoidal-shapes are adiabatic pulses used for a uniform inversion over the full carbon spectral range.
The following gradient ratios were used: G1:G2:G3:G4:G5:G6 = 11:80:17:20.1:63:41. All phases are x, unless indicated otherwise. (c) The evolution behavior of the different
types of chemical shift (bold) as well as heteronuclear (dotted) and homonuclear (dashed) scalar coupling.
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described as a way to enhance the resolution of proton spectra
[33–37]. Pure shift versions of HMBC spectra have been described
using homonuclear broadband decoupling through J-resolved
spectroscopy [38], pseudo 2D slice-selective (Zangger–Sterk)
decoupling [39] or very recently by PSYCHE-decoupling [40]. These
spectra are all essentially pseudo 3D experiments, since an addi-
tional decoupling dimension is required. Pure shift experiments
typically suffer from severe sensitivity losses, which limit their
application for carbon-correlated experiments at natural abun-
dance. Real-time BIRD-decoupling [41], which offers the unique
feature to enhance both the resolution and sensitivity is possible
only for HSQC [42] but not for HMBC experiments. Sensitivity-
enhanced homonuclear decoupled HMBC spectra can be obtained
by using band-selective decoupling during acquisition [43–46]
for a selective region of the proton spectrum [47]. The resolution
for the determination of long-range proton–carbon couplings is
of course still limited by the signal line-width. We have recently
shown that unresolved homonuclear proton scalar couplings can
be visualized by real-time J-upscaling [48]. This approach enables
the determination of scalar coupling constants with high resolu-
tion from the direct proton dimension, even in cases of limited dig-
ital resolution. Here we show that real-time heteronuclear J-
upscaled HMBC type spectra can be used to directly visualize small
and even unresolved long-range JHC values. To prevent interferencefrom homonuclear coupling it is combined with band-selective
decoupling in the proton dimension. With this approach, up to 6-
bond splittings (of less than 0.3 Hz) can be observed almost base-
line separated.
2. Method
Upscaling of heteronuclear coupling constants has already been
used for the indirect dimension of HMBC spectra [28]. Recently we
have shown that real-time J-upscaling is also possible during
detection by repeatedly interrupting the data acquisition and
allowing for scalar coupling but not chemical shift evolution during
the interruption delay [48]. Interrupted acquisition allows for the
manipulation of the size or extent of scalar coupling during the
detection, i.e. in real-time [41,42,48–52]. The pulse-sequence of
the real-time band-selectively decoupled J-upscaled HSQMBC (J
(up)-HSQMBC) is shown in Fig. 1. Until the start of the acquisition
it is a selective HSQMBC (sel-HSQMBC) [53–55], which starts with
selective excitation. The pure in-phase character of multiplets is
required for homonuclear decoupling, which is used during detec-
tion, like in the HOBS-HSQMBC experiment [47]. To understand the
evolution behavior of chemical shift as well as homo- and
heteronuclear scalar coupling, we can track them individually
though the acquisition scheme as shown in Fig. 1c. Homonuclear
scalar coupling evolution is refocused in the middle of the inter-
Fig. 2. A conventional HMBC spectrum of phenylacetylene in DMSO-d6 is shown above. Coupling constants indicated in black in the structure can be obtained from this
HMBC. The remaining correlations to C5 and C6 are shown in close-up view below for the conventional magnitude-mode HMBC, a 20-fold J-upscaled HSQMBC and a
heteronuclear upscaled and homonuclear band-selectively decoupled HSQMBC. The J-values which could only be determined using this latter spectrum are drawn in red in
the structure. The conventional HMBC was recorded with a 16 k ⁄ 256 data matrix, 2 scans per increment and a spectral range of 6000–2500 Hz. Zero filling to 32 k and 1 k
respectively were performed, after a 60 sine square window function was applied. The upscaled HSQMBC spectra were recorded with 8192 ⁄ 256 data points and 16 scans
per increment. The spectral range was 6 kHz ⁄ 2.5 kHz. Zero filling to 32 k and 2 k data points was performed. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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heteronuclear coupling continues to evolve by the simultaneous
application of a 180 carbon pulse. Chemical shift evolution during
the interruption delay is refocused by the central 180 proton
pulse. The additional 180 pulse at the beginning of the interrup-
tion delay is needed in order to enable continuous chemical shift
evolution from one FID chunk to the next. Overall, homonuclear
scalar coupling is zero (pure shift), proton chemical shift evolution
is unchanged and heteronuclear scalar couplings are enhanced by a
user-defined factor k, which depends on the relative duration of
the FID chunk and the interruption delay, according to Jeff = J  k,
with k = (2s  n/t2) + 1. The evolution of chemical shift, homonu-
clear and heteronuclear scalar coupling during the real-time
heteronuclear J-upscaled detection scheme can be described in
product operator formalism. The transformations of the individual
terms until the middle of the second data chunk is:
bIx ! bIx  cos x t2n
 
bIy  sin x t2n
 
Chemical shift evolution
bI1x ! bI1x Homonuclear couplingbIx ! bIx  cos pJ t2n þ 2s
  
 2bIybSz
 sin pJ t2
n
þ 2s
  
Heteronuclear coupling
The enhanced resolution of scalar coupling constants by real-
time J-upscaling results from the refocusing of magnetic field inho-
mogeneity effects during the interruption delay. While for large
scalar coupling constants line-broadening by residual field inho-
mogeneity is negligible, it can significantly affect the determina-
tion of small coupling constants, even in well-shimmed systems
[48]. An additional advantage of real-time J-upscaling is the lower
digital resolution needed in the detected dimension since the effec-
tive splittings are larger. Chunking artifacts arise in the spectrum
around the signals because of residual evolution of homonuclear
scalar coupling during the data chunks and the resulting steps
between the individual acquisition blocks. The position of these
artifacts is at the reciprocal of the data chunking length. By varying
the length of the data chunks from scan to scan, the artifacts are
reduced significantly [56]. The maximum scaling factor is deter-
mined by the relaxation during the interruption. For small mole-
Fig. 3. The C3 region of the H1 phenylacetylene proton with different scaling
factors. The cross peak was observed in four J(up)-scaled HSQMBC spectra with
scaling factors ranging from 2 to 12. The spectra were acquired with a 4 k ⁄ 64 data
point matrix and variable chunking times between 8 and 10 ms. Zero filling to 16 k
and 512 data points was used after the application of a 60 shifted squared sine
window function. A spectral range of 9500–2500 Hz and 16 scans per increment
were used for all experiments.
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tors it is necessary to reduce the length of the interruption delay
(and in parallel the chunking size), in order to prevent scalar cou-
pling evolution beyond 1/2J during 2s.3. Results and discussion
To demonstrate the limits of conventional, magnitude mode
HMBC experiments [13] and the enhanced scalar coupling resolu-
tion of the heteronuclear J-upscaled HSQMBC technique, weFig. 4. (a) F2-traces of C6 and C5 of an in-phase (black) and anti-phase (red) HOBS-HSQ
length of 35 ms. 64 increments were used in the indirect dimension. Zero filling to 256 k
sine bell window function. (b) The peak shift of the addition (black) and subtraction (
5J = 0.18 Hz). (c) in comparison the corresponding traces from a J(up)-scaled HSQMBC (6J
chunking time between 30 and 35 ms. Zero filling to 32 k ⁄ 256 data points was performe
5 ms Gauss pulse was used for band selective excitation and a spectral range of 6000–70
spectra. (For interpretation of the references to color in this figure legend, the reader isapplied the different experiments on a degassed phenylacetylene
sample (50 mg in 600 ll DMSP-d6). The conventional HMBC is
shown in Fig. 2. Correlations for the methine proton at 4.14 ppm
are seen to all carbons in phenylacetylene. The one, two and
three-bond couplings from H1 to C1 (J = 252 Hz), C2 (J = 50.4 Hz)
and C3 (J = 4.0 Hz) can be extracted from a conventional HMBC
since H1 does not show any homonuclear couplings in this spec-
trum. The splitting to C4 (J = 1.9 Hz) can only be seen in a band-
selectively decoupled HOBS-HSQMBC after removal of unresolved
homonuclear couplings. But also, this very powerful technique fails
when dealing with very small heteronuclear coupling constants
such as the ones to C5 and C6, due to linewidth limitations. Simple
upscaling (with k = 20) of a HSQMBC yields very broad peaks due to
the combination of small homo- and heteronuclear couplings.
However, the combination of band-selective decoupling with J
upscaling provides the resolution necessary to determine the
remaining five- and six-bond couplings to C5 (J = 0.37 Hz) and C6
(J = 0.25 Hz). Twenty-fold real-time upscaling allowed these cou-
plings to be visualized in the direct dimension baseline-
separated, while they are hidden in the linewidth of a conventional
HMBC and even a homonuclear decoupled HSQMBC.
Upscaling does increase the linewidth as can be seen in Fig. 2,
but not by as much as the coupling is upscaled. Due to this broad-
ening the intensities are also reduced compared to a conventional
HMBC. However, band-selective decoupling increases the intensity
by collapsing homonuclear splittings, like in the HOBS-HSQMBC.
To demonstrate the validity of the coupling constants obtained
from the upscaled HMBC spectra, a signal whose coupling constant
could be extracted from a conventional HMBC has been upscaled.
The C3–H1 cross peak of phenylacetylene shows a splitting of
4.0 Hz in a conventional NMR experiment. In Fig. 3 upscaled spec-
tra of this cross peak are shown with k ranging from 2 to 12. By
dividing the measured coupling constant by the corresponding
scaling factor the results are only varying by 0.07 Hz, with an aver-
age of 4.15. The slightly larger value compared to the 4.0 Hz
obtained from a magnitude-mode conventional HMBC probably
results from the broad components of the doublet in the latter
spectrum, which leads to extracted coupling constants which are
smaller than their actual values.
One limiting factor of real-time J-upscaling experiments is the
data chunk duration. We used a chunking length of approximately
10 ms, which allows upscaled coupling constants of up to 100 Hz
(=1/10 ms) to be measured. A larger splitting would show the sameMBC. The HOBS-HSQMBC was recorded with 32 k data points and a data chunking
and 512 data points was performed after multiplication with a 60 shifted squared
red) of both traces corresponds to the coupling constant of the peak (6J = 0.21 Hz,
= 0.21 Hz, 5J = 0.35 Hz). These spectra had a 4 k ⁄ 64 data point matrix and a variable
d after a 60 shifted squared sine bell window function was applied. A shaped 180
0 Hz was used for all experiments. 16 scans were recorded for each increment of all
referred to the web version of this article.)
Fig. 5. C6 and C5 correlations to H1 of phenylacetylene acquired with different Gauss pulse lengths. The measured coupling constants (in Hertz) of the different pulse
duration experiments are shown below the spectra. F2-traces of the 1 ms and 20 ms Gauss experiments are plotted above the 2D spectra to show the reduction in intensity
upon the use of longer, more selective, pulses. All spectra were recorded with 4 k ⁄ 64 data points and data chunking times between 30 and 35 ms.
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Nyquist theorem. Therefore, the maximum scaling factor that can
be used depends on the size of the actual coupling. Signals with
smaller J-values can be upscaled with larger k values. Additionally,
artifacts are becoming more severe with increasing scaling factor.
To get an idea of the sensitivity penalty and artifact evolution dur-
ing J(up)-scaling the C4–H1 correlation is compared in Supporting
Fig. S1 without and with 20-fold upscaling. Although the signal
intensity has dropped by a factor of 4 the extracted coupling con-
stant is the same. In general, the amount of signal reduction
depends not only on the scaling factor, but also the transverse
relaxation time of the investigated signal. For slowly relaxing sig-
nals the reduction is lower [48]. Small heteronuclear coupling con-
stants can also be determined by in-phase–anti-phase (IPAP) type
spectra, as implemented in the HOBS-HSQMBC sequence [47]. To
compare the potential of the J(up)-HSQMBC versus an IPAP
HOBS-HSQMBC we applied the latter technique to the H1–C5 and
H1–C6 couplings of phenylacetylene. The F2-traces of the in-
phase spectrum (black) and an anti-phase spectrum (red) are
shown in Fig. 4a. The heteronuclear scaling coupling constant is
obtained by measuring the shift difference between the addition
(black) and subtraction (red) of the two individual traces (Fig. 4b).
The signal splittings obtained for very small coupling constants
from an IPAP-HOBS-HSQMBC depends heavily on the data process-
ing, in particular the phasing. Small differences in the phasing yield
huge differences in the extracted signal splitting. Additionally, the
weighting of both traces is quite tricky, as differences in the rela-
tive weighting of the in-phase and anti-phase signal also have a
huge impact on the relative size of such small J values. The IPAP
HOBS-HSQMBC yielded coupling constants of 6J = 0.21 Hz and
5J = 0.18 Hz, which are not only quite different from the ones
obtained using J(up)-HSQMBC, but also (unrealistically) larger for
the 6-bond compared to the 5-bond couplings. It should also be
mentioned that the quantitative HMBC approach proved com-
pletely unreliable in an attempt to measure these small 5- and 6-
bond couplings because after the very long coupling evolution
delay needed there was basically no signal left due to relaxation
losses. For well isolated proton signals, relatively short selective
pulses can be used for decoupling during acquisition to keep relax-
ation losses during the interruptions to a minimum. The use oflonger, more selective, pulses leads to broader signals due to faster
relaxation during acquisition. However, Gaussian pulses of up to
20 ms (corresponding to an excitation width of 45 Hz) allow the
extraction of J values below 0.3 Hz in a 20-fold upscaled spectrum
(Fig. 5). The signal intensities decrease upon increasing pulse
selectivity.
For singlet proton signals without any other proton coupling
partners, homonuclear decoupling is of course not necessary. An
example is the application of the J(up)-HSQMBC for the measure-
ment of two- and three-bondproton-carbon couplings of the central
proton of the dye D131 (2-Cyano-3-[4-[4-(2,2-diphenylethenyl)phe
nyl]-1,2,3,3a,4,8b-hexahydrocyclopent[b]indol-7-yl]-2-propenoic
acid) [15 mg in 600 ll pyridine-d5] in Fig. 6. For the assignment of
the (2,2-diphenylethenyl)phenylmoiety, especially the stereospeci-
fic assignment of the phenyl rings b and c, the correlations of the
locally isolated central hydrogen at 7.21 ppm to the phenyl and
ethenyl carbons was key. In a conventional HMBC the correlations
to C1b and C1c both show a splitting (9.2 and 7.2 Hz). However,
the direct measurement of coupling constants would not be very
accurate due to the rather broad doublet signals. The coupling to
C2 is not resolved in an HMBC, and in the HOBS-HSQMBC the value
is too small (1.9 Hz) because the splitting value is close to the line-
width. By upscaling theHSQMBC spectrum to k = 4not only the dou-
blet to C1c is properly defined (3J = 7.0 Hz), it is now also possible to
measure the coupling constant to C2 (2J = 2.6 Hz). All two- and
three-bond coupling constants, which were essential for the full
assignment, especially of the individual aromatic rings are indicated
in Fig. 6. Itmightbeworthmentioning, that in this casehomonuclear
band-selective decoupling does not improve the quality of the spec-
trum, because the long-range coupled protons are too close in fre-
quency and the necessary selective pulse would be too long.
4. Conclusion
In conclusion we have presented a method to record ‘‘real-time”
heteronuclear J-upscaled HSQMBC spectra. This technique mini-
mizes the effect of magnetic field inhomogeneities on scalar cou-
pling and allows their direct visualization in cases where the
splitting is hidden in the signal linewidth or is unresolved due to
a limited digital resolution of a spectrum.
Fig. 6. A zoom of the terminal aromatic region of an HMBC of the dye D131 (15 mg in pyridine-d5) is shown above, together with the structure of the aromatic moiety.
Selected traces of a regular HMBC spectrum (in blue) can be compared with a HOBS-HSQMBC [47] in red and a fourfold J(up)-HSQMBC in green. Only in the J(up)-HSQMBC it
is possible to measure the relatively small two bond heteronuclear coupling constant of 2.6 Hz. The observed region of the upscaled traces are also expanded by the factor k,
for a direct comparison of the resolution enhancement. For the conventional HMBC a 16 k ⁄ 256 data matrix and a spectral range of 6000–5000 was used with 16 scans per
increment. Zero filling to 32 k ⁄ 523 data points was performed. For the HOBS-HSQMBC 16 k ⁄ 128 data points for a spectral range of 5500–7500 Hz were recorded and zero
filled to 32 k ⁄ 512. The J(up)-scaled HSQMBC was recorded with 2 k ⁄ 96 data points and a spectral range of 5500–4400 Hz. Zero filling to 32 k ⁄ 512 was performed. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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All experiments were carried out on a Bruker Avance III
500 MHz spectrometer using a 5 mm TXI probe with z-axis gradi-
ents at 298 K. All chemicals were purchased from Sigma Aldrich
at 98% purity or above. For the band selective excitation/refocusing
of the protons a 1 ms 180 Gauss pulse was used. Sine shapes were
used for all pulsed field gradients. Further experimental details are
given for the respective spectra.Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jmr.2016.05.002.References
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